Based on the production and disappearance of ions and electrons in the high power impulse magnetron sputtering plasma near the target, the expression of the discharge current is derived. Depending on the slope, six possible modes are deduced for the discharge current and the feasibility of each mode is discussed. The discharge parameters and target properties are simplified into the discharge voltage, sputtering yield, and ionization energy which mainly affect the discharge plasma. The relationship between these factors and the discharge current modes is also investigated. C 2015 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4932135] High power impulse magnetron sputtering (HiPIMS) is a hot topic in the field of physical vapor deposition (PVD) because of high ionization of the sputtered materials. 1 The ionized particles in HiPIMS enhance ion bombardment and implantation energy with the assistance of a bias to yield epitaxial growth, excellent film adhesion, and good coating density. 2, 3 As a result of these advantages, HiPIMS is very attractive to the deposition of hard coatings, [4] [5] [6] decorative coatings, biologic coatings 7 and photoelectric coatings. 8 However, the discharge of different materials does not have the same ionization and stability as DC magnetron sputtering or cathodic arc ion plating. [9] [10] [11] For example, ionization of Cu is more than 90% and the discharge is stable, but frequent arcing is observed from C in HiPIMS and ionization is quite low. The current waveforms also vary with different target materials, 12 and even for the same target material, they are distinct at different discharge voltages. 13 Although an extra magnetron filed or Ne can be used to increase the stability and ionization of the C discharge in HiPIMS, 14, 15 it is difficult to optimize the process after changing the target materials. Hence, a general discharge model of HiPIMS and better understanding of the relationship between the discharge and deposition parameters are important in order to fully exploit the advantages of the technique. In this respect, most research activities have focused on the experimental investigation of the discharge currents of different materials, 16 but the theoretical assessment is relatively scarce. Herein, we present a theoretical approach for the discharge current in HiPIMS and based on the evolution of the current slope, six waveforms are deduced and the feasibility of each mode is discussed.
The discharge current of the HiPIMS discharge is produced mainly by two mechanisms: ions attracted to the target by the negative potential at the target from the plasma nearby and secondary electrons emitted from the ion bombardments. 17, 18 Here, n i (t) is assumed to be the total ion density in the plasma at any time t during the impulse, β is the percentage of ions attracted back to the target, and γ is the average secondary electrons emission coefficient of the target. The discharge current I (t) at time t is given by
where A is the area of the target. The evolution of the ion density is determined by ion production as well as disappearance. In the HiPIMS discharge, ion production is attributed to the ionization of atoms sputtered from the target and the gas introduced to the plasma. Ions disappear by two ways: back attraction due to the negative target potential and ion diffusion and recombination with electrons in the plasma or on the vacuum chamber wall. We assume that all the particles sputtered from the target and gas entered the plasma are neutral atoms, and the diffusion and recombination possibilities of both gas ions and metallic ions which don't return to the target are equal. Hence, in a short time, ∆t, the ion density back to the target ∆n i T (all these ions contribute to the sputtering) is expressed by
and the lost ions ∆n i D is
where ε is the disappearance rate, that is, the ratio of the ions lost by diffusion and recombination to the ions not returning to the target. The disappearing electrons are equal to the lost ions because electrons travel much faster than ions and the plasma is electroneutral. That is,
Production of electrons stems from secondary electrons emission during sputtering and collisions in the plasma. The density of the emitted secondary electrons at time ∆t can be written as:
α is assumed to be the average number of electrons produced during the collisions and hence, the density of this portion of the electrons at ∆t can be expressed as
The density of the total electrons ∆n e emit in the plasma in ∆t is the sum:
∆n e emit = ∆n e emit1 + ∆n e emit2 = n i (t) βγ∆t + n i (t) α ∆t
Owing to the electroneutrality, the change of the plasma density in the considered area at ∆t is equal to that of the ions density and that of the electron density. That is,
Equation (1) can be written as:
In the equation, the total ion density is positive and the ratio of the ion returning to the target β satisfies 0 < β < 1. The evolution of the discharge current at any moment (the slope of the discharge current versus time plot) depends on a constant Φ that is determined by the four parameters: γ, α, ε and β.
In the HiPIMS discharge, the four parameters change with time and consequently affect the waveform of the discharge current. As shown in equation (10), the discharge current increase with time for Φ > 0, decrease for Φ < 0, and has extreme values for Φ = 0.
Considering HiPIMS in the constant-voltage mode, the ratio of ions back to the target β is constant throughout the impulse. Mainly two factors, ion energy and mean free path, determine the average number of electrons produced in the collisions (mainly ion-electron and atom-electron collisions according to the cross section) in the plasma. 19 The former is related to discharge voltage and therefore, it will stay the same in the constant-voltage mode. The later depends on pressure (total pressure in a chamber) which is normally unchanged in the HiPIMS process. Therefore, the average number of electrons produced in the collision α can be treated as a constant.
L. Poucques et al. have shown that the ion diffusion behavior in the plasma of HiPIMS follows the ambipolar diffusion theory in which the disappearance rate ε depends on the plasma density, temperature, and pressure. 20 Here, pressure is a total pressure in a chamber and it is constant. At the beginning of the discharge, the plasma develops quickly but the temperature is the same in a short time. Consequently, the plasma density dictates the disappearance rate ε. When the discharge is intense and stable, the change in the plasma density becomes inconspicuous and the temperature has enough time to evolve. Therefore, the disappearance rate ε at this time is determined by and proportional to the temperature.
The average secondary electron emission coefficient of the target bombarded by ions, γ, is determined by the composition of the plasma as follows:
where i is charge of an ion returning to the target, n i g , n i m are the density of the gas ions and the metal ions back to the target with charge i, respectively, γ i g , and γ i m are the secondary electron emission coefficient of the target bombarded by gas ions and metal ions with charge i, respectively.
Two kinds secondary electron emission, kinetic emission and potential emission, occur when ions impinge the target surface. 21 Generally, kinetic emission dominates when the energy of the incident ion is over 300 eV/amu. However, in HiPIMS, the energy of the incident ion is much lower than the emission threshold, suggesting that kinetic emission is rare and can be neglected. Herein, we consider only potential emission with a low threshold produced mainly by collisions between the incident ions and the target surface. The following empirical formula is used to illustrate the potential emission of the secondary electrons γ se : 22
Equation (12) suggests that secondary electron emission coefficient is determined by the ionization energy of the incident ions E pot and work function of the sputtering materials φ. Tab. I shows the ionization energy and work functions of some common materials. 12, 23 The secondary electron emission coefficient of metal ions is normally smaller than that of Ar ions with the same charge and the secondary electron emission coefficients increase with the charge state. This suggests that the average secondary electron emission coefficient γ depends on the composition and charge state of the plasma and the gas ions and multiply charged ions increase the average secondary electron coefficient. As shown in equation (10), only two of the four parameters (ε and γ) change with discharge time in the process of HiPIMS. For simplicity, we assume
where λ depends on γ and η depends on ε. We can deduce the slope of the discharge current waveform (Φ) according to the evolution of η and λ and consequently all the possible discharge current modes with time at a certain discharge voltage. For simplicity, we only discuss the discharge in a single impulse without considering the interaction of the consecutive impulses and the impulse is long enough for evolution of the discharge current, otherwise, the discharge current will be interrupted when the impulse ends. In this case, the discharge current waveform is a segment of that of the long impulse or there is only a small change which is not discussed here. In a long single impulse, the discharge starts after the initiation of the discharge voltage when the voltage is larger than the discharge threshold. Many collisions occur in the beginning and the production of electrons is faster than disappearance and recombination. Hence,
In equation (10) Φ > 0, suggesting that the discharge current begins with a sharp increase after the initial of the voltage impulse. In the beginning, the gas (Ar) is ionized first 23 and almost all the ions in the plasma are gas ions and the sputtering ions are only Ar. According to equations (11), (12) and Tab. I, the secondary electron emission coefficient γ 1 g is contributed by Ar + . At this time, diffusion and recombination have not started and in equation (15), η = 1.
Sputtering of metal target happens when the Ar ions bombard the target. The sputtered metal atoms become ionized when colliding with other particles in the plasma. Once ionized, some of the metal ions will be attracted back to the target by the negative target potential thus participating in sputtering again in the process termed self-sputtering. 24 Afterwards, more metal particles are introduced to the plasma and out-number the original gas ions gradually. According to equation (11), the average secondary electron emission coefficient decreases with the increasing discharge intensity. At the same time, heat is generated with increasing discharge intensity. The plasma temperature rises and induces rarefaction effect in the plasma to increase of the disappearance rate ε. Based on equation (10), Φ decreases, and it will continue until a balance between the production and disappearance of metal ions in the plasma is reached. In the equilibrium stage, the plasma density and composition are almost constant and the gas ions and metal ions exist in a constant ratio determined by the sputtering yield, 25 and the average secondary electron emission coefficient γ does not change until the end of the impulse. However, if the applied discharge voltage is larger enough, the larger plasma density and more collisions produce highly charged ions 26, 27 and regardless of whether they are gas ions or metal ions, will increase the average secondary electron emission coefficient γ and the increase is positively correlated to the ionization energy.
As illustrated in the analysis above, the evolution of the discharge current slope is determined by three conditions: (1) whether Φ = 0 or the inflexion point occurs in the sputtering process, (2) when the composition balance of the plasma is achieved in the sputtering process, and (3) whether a large number of highly charged ions appears after the plasma balance. According to equation (10) and these three conditions, six kinds of possible waveforms of the HiPIMS discharge current can be deduced from the evolution of the slope.
Firstly, if λ ≥ η is satisfied throughout the impulse, highly ionized ions must be produced to increase γ again in the later discharge to keep λ larger than η because γ decreases with sputtering and η increases with the discharge intensity and sputtering in the initial of the impulse. According to equation (10), Φ ≥ 0, the discharge current increases monotonically and the extreme happens at the end of the impulse.
Considering the composition of the plasma and if the sputtering rate is low, the discharge is weak and the composition of the plasma is dominated by gas ions which improve γ sharply by high ionization. Therefore, the beginning discharge current is small but it increases sharply when highly ionized ions are produced at high voltage. Arcing always occurs due to the uncontrollable increase in the discharge current. 11 The schematic evolution of λ, η and the discharge current are shown in Fig. 1(a) and termed Mode I. If the sputtering rate is high, the discharge is intense from the beginning to the end of the impulse and the plasma is dominated by metal ions swiftly. In this way, the discharge current increases rapidly to a high level until a discharge equilibrium. Highly charged ions are necessary for the condition of λ ≥ η but the improvement by metal ions on γ is gentle compared to that of gas ions with increasing charge number. Consequently, the increase in the discharge current is gentle after the balance and it is designated as Mode II in Fig. 1(b) .
If Φ = 0 happens during the impulses together with decrease in the average secondary electron emission coefficient γ and increase in the loss rate ε, a maximum appears in the discharge current waveform after the initial sharp rise. After the inflexion point, the discharge current starts to decrease corresponding to Φ < 0 in equation (10) . In this case, if the sputtering rate is high enough, the discharge balance occurs before Φ = 0. The discharge is intense and the equilibrium plasma is dominated by metal ions as shown in Fig. 1(b) . The discharge current also increases sharply at the beginning of the impulse and there is a maximum later. If no highly charged metal ion appears in the later HiPIMS process, γ does not change anymore after equilibrium. As a result, the discharge current diminishes gently as the plasma temperature increasing gradually because of rarefaction effect. The schematic evolution of λ, η and the discharge current waveform with time are shown in Fig. 1(c) and is termed Mode III.
Another situation is that the ionization energy of the target materials is low enough so that the sputtering metal ions can be ionized further in the later HiPIMS process and γ will increase again.
Generally, the increase rate of λ is larger than that of η, Φ = 0 will appear again resulting in another inflection point (minimum) in the discharge current waveform. The discharge current should increase again after the minimum until the end of the impulse and this is Mode IV as shown in Fig. 1(d) .
If the sputtering rate is very low and Φ = 0 occurs before equilibrium, the replacement of gas ion by sputtered metal ions is ongoing when the maximum appears. This feature induces a sustained and sharp decrease in γ and consequently, the discharge current diminishes after the maximum until the equilibrium is established. In equilibrium, the plasma is mixed with metal ions and gas ions with a certain ratio and the discharge intensity is weak resulting in no apparent change in the temperature. Therefore, if no highly charged ions are produced, the discharge current will show a plateau after the equilibrium until the end of the impulse, as shown in Fig. 1(e) which is called Mode V.
Although uncommon, highly charged ions still can be generated in the later stage of discharge after equilibrium. If so, the discharge current will increase again with increasing γ and then the plasma density will increase slightly to achieve another balance, as shown by Mode VI in Fig. 1(f) .
As aforementioned, the average secondary electron emission coefficient in the plasma depends on the replacement rate gas ions by metal ions and production of highly charged ions. The former dictates when equilibrium is achieved and the later determines the increase of γ after the initial decrease at the beginning of the impulse. In HiPIMS, the sputtering rate depends on the sputtering yield of the target materials Y and the applied discharge voltage U, 28 and the production of highly charged ions is related to the ionization energy of particles I Metal and the applied discharge voltage U. The plasma density and temperature which determine the disappearance rate ε are related to the applied discharge voltage and time. However, ε increases monotonically with discharge time. In summary, the slope Φ which shows the evolution tendency is contributed by only three parameters: the applied discharge voltage U, the sputtering yield of target materials Y, and the ionization energy of the particles I Metal . Later, we will establish the relationship between these three parameters and the six modes of discharge currents.
Concerning the sputtering process in HiPIMS, previous researchers usually use Π ss to characterize self-sputtering 12, 29 and three intervals of Π ss are obtained and they almost correspond to the three conditions of the plasma composition equilibrium. 13, 16, 22 That is, for Π ss ≥ 1, the balance happens before the peak of the discharge current as shown in Fig. 1(b) , 1(c) and 1(d). For 0.1 < Π ss < 1, the balance happens after the peak of the discharge current as shown in Fig. 1(e) and 1(f). For Π ss ≤ 0.1, no balance occurs in the whole impulse as shown in Fig. 1(a) . For simplicity, we divide the sputtering yield, ionization energy, and discharge voltage into six sections as shown in Fig. 2 , in which ADF'F is the interface with Π ss = 0.1, BCE'E is the interface with Π ss = 1, and BCE'B and BCF'E are the interface of highly charged metal ions determined by the ionization energy and discharge voltage. Each section corresponds to one of the possible forms of the discharge current, for instance, the sputtering yield being very low in ADD'A'FF' corresponding to mode I in Fig. 1(a) , the sputtering yield being very high but the ionization energy being low in B'C'E'G corresponding to mode II in Fig. 1(b) , the sputtering yield being high enough and ionization energy being high in CBB'E'E corresponding to mode III in Fig. 1(c) , the sputtering yield being high enough but the ionization energy being low in BCGE'B' corresponding to mode IV in Fig. 1(d) , the sputtering yield being low but the ionized energy being high in CBEE'F' corresponding to mode V in Fig. 1(e) , and both the sputtering yield and ionization energy being low in ABCDF'FE corresponding to mode VI in Fig. 1(f) .
Modes II, III and IV are obtained from target materials with high sputtering yield and the discharge is stable without hysteresis effects during reactive magnetron sputtering. 30 Therefore, these three forms are ideal for HiPIMS. In Mode V and VI, the sputtering yield of the target materials is low and the discharge is weak but stable. It can generally be used in depositions but the process is sensitive to the reactive gases 31 and it is difficult to achieve a uniform and stable film. Mode I corresponds to materials with a very low sputtering yield. The discharge is weak and unstable even at a high voltage and continuous arcing may occur. Hence, in this mode, other improvements should be made. 14, 15 In summary, the expression for the HiPIMS discharge current is developed theoretically and there are six possible discharge current modes according to the evolution of the slope. The discharge parameters and the target materials properties are determined by discharge voltage, sputtering yield, Relationship between each discharge current modes and the three deposition parameters: sputtering yield, ionization energy, and discharge voltage. and ionization energy, which affect the discharge plasma. The relationship of each discharge current mode is established in order to predict the discharge behavior.
